We study different phenomenological aspects of compact, D = 4, N = 1 Type IIB orientifolds considered as models for unification of the standard model and gravity. We discuss the structure of the compactification, string and unification scales depending on the different possible D-brane configurations. It is emphasized that in the context of Type I models the M W /M P lanck hierarchy problem is substantially alleviated and may be generated by geometrical factors. We obtain the effective low-energy supergravity Lagrangian and derive the form of soft SUSY-breaking terms under the assumption of dilaton/moduli dominance. We also discuss the role of anomalous U(1)'s and of twisted moduli in this class of theories. A novel mechanism based on the role of singularities is suggested to achieve consistency with gauge coupling unification in low string scale models.
Introduction
In the attempts to embed the known standard model (SM) interactions within perturbative D = 4, N = 1 heterotic vacua, a number of properties were generally assumed [1] . The string scale M string was identified essentially with the Planck mass M P lanck and the gauge coupling unification scale M X was also taken to be in the vicinity of M string . These scale identifications were not arbitrary, they were essentially dictated by the structure of the heterotic string couplings. The SM gauge group was a subgroup of either E 8 × E 8 or SO (32) and SUSY breaking was most of the times assumed to take place by gaugino condensation in a hidden sector of the theory. A number of interesting four-dimensional N = 1 vacua with particle content not far from that of the supersymmetric SM were found [1] .
With the string theory developments of the last three years it has been realized that many of the assumptions for embedding the SM inside string theory were in fact mere artifacts of perturbative heterotic string compactifications. New vacua based on Type II and Type I strings have revealed the importance of Dirichlet D-branes [2] in the understanding of the general space of string vacua. In addition all the five known perturbative SUSY strings seem to correspond (along with D = 11 supergravity) to particular limits of the unique underlying M-theory.
We thought we knew what the size of the string scale was: just close to M P lanck .
We have now realized that we didn't. Going away from perturbative heterotic vacua M string is related both to M P lanck and the compactification scale M c in such a way that, in principle, M string may be anywhere between the weak scale and the Planck scale without any obvious contradiction with experimental facts [3] - [17] . In addition there is a much larger ambiguity in the possibilities for gauge group for D = 4, N = 1 vacua. Gauge groups live on the world-volume of Dp-branes and the observed SM gauge group may in principle correspond to, e.g., gauge interactions on the world-volume of 3-branes (or D(n+3)-branes with n dimensions wrapping on some compact space).
Although we are far from a complete understanding of the general structure of the new D = 4, N = 1 string vacua now available, it is perhaps time to try to extract some general characteristics from the known examples and see how the traditional perturbative heterotic schemes are changed. We will be interested here in compact D = 4, N = 1 string vacua. We are aware essentially of three avenues to construct such new vacua: 1) Type IIB D = 4 compact orientifold models, 2) M-theory compactification on CY×S 1 /Z 2 and 3) F-theory compactifications on CY four-folds.
The first is the natural generalization of the toroidal heterotic orbifolds studied in the past [18, 19] to the Type IIB and Type I string theories. Their construction has developed in the last two years [20] - [28] and provides us with new perturbative vacua.
Due to Type I/heterotic duality, some of these new vacua may be understood as dual to other non-perturbative heterotic vacua. This is the class of theories we are going to concentrate on in the present article. We think they are interesting because they are perturbative vacua, with which one can use standard string theory techniques, and yet provide interesting D = 4, N = 1 models with chiral matter. Furthermore, due
to Type I/heterotic duality one expects to extract from them information about the strongly coupled regime of heterotic vacua.
We should emphasize that the model building in this kind of Type IIB orientifolds is still in its infancy and there are not yet fully realistic models. Our hope is rather trying to extract some generic features of this kind of vacua hoping that could be shared by more realistic models based on these (or other D-brane) constructions.
The content of the article is as follows. In section 2 we present a general overview of the structure of Type IIB compact D = 4 orientifold models and of the important role played by D-branes and T-dualities in their construction. In section 3 we study the general structure of mass scales in this class of theories. After reviewing the relationship between string scale, Planck mass and compactification scale, we analyze, in subsection 3.2, different possibilities to embed the SM interactions within some Dp-brane sector with unification of coupling constants at M X = 2 × 10 16 GeV, as suggested by plain extrapolation of low-energy data. We find that, in order to do that within an isotropic compactification, one has to identify the unification scale M X with the string scale for 3-branes or 9-branes but one has to identify it with a compactification/winding scale for 5/7 branes. We also consider the possibility of embedding the SM SU(3) C and SU(2) L interactions within different types of Dp-branes. In section 4 we discuss the generic presence of very weakly coupled gauge and Yukawa interactions in models with the string scale below the Planck mass and their possible phenomenological applications.
In section 5 we discuss possible avenues for the generation of the notorious M W /M P lanck hierarchy. We argue that in the context of Type I models this problem is substantially weaker and the hierarchy may appear from purely geometrical factors.
In section 6 we extract the general form of the tree-level Kähler potential and gauge kinetic functions for this class of Type IIB orientifolds. In order to do that we make use of the T-duality symmetries which exchange among themselves the different types of Dp-branes. These symmetries also exchange dilaton with moduli so that all are essentially on equal footing. As a consequence the Kähler potential is rather symmetric under the exchange of dilaton and moduli. Furthermore the gauge kinetic function is also linear in either the dilaton S or moduli T i , depending on what Dp-brane the gauge group is originated from. All this is drastically different from the perturbative heterotic vacua in which the complex dilaton S has a unique universal role.
In section 7 we use the results of section 6 in order to derive general patterns of soft SUSY-breaking terms under the assumption of dilaton/moduli SUSY breaking [29] - [33] . We emphasize that this assumption of dilaton/moduli dominance is more compelling in the D-brane scenarios where only closed string fields like S and T i can move into the bulk and transmit SUSY breaking from one D-brane sector to some other. The soft terms obtained present explicit invariances under T-duality transformations. In certain schemes dilaton dominance is thus T-dual (and hence equivalent)
to modulus dominance. As happened for similar soft terms in untwisted sectors of heterotic orbifolds, certain sum-rules among soft terms are fulfilled for any goldstino direction.
In section 8 we describe some specific issues regarding the role of pseudo-anomalous U(1)'s within the context of Type IIB D = 4, N = 1 orientifolds. In this class of theories the gauge kinetic functions have also explicit dependence on the twisted moduli fields associated to the orbifold singularities [34] . We find that in certain class of orientifolds the coefficient of that dependence is proportional to the beta function of the group considered. This suggests a new and natural way to achieve gauge coupling unification in models with low (or very low) string scale. We leave section 9 for some general final comments. We point out that, if a generic vacuum string configuration has N = 0 brane sectors (from e.g., D-branes wrapping on non-supersymmetric cycles in the compact dimensions), will be necessary to reduce the string scale well below the Planck mass for avoiding large SUSY-breaking contributions in the (N = 1) brane sector containing the SM.
Previous studies concerning possible phenomenological aspects of Type IIB compact orientifolds may be found in refs. [4, 35, 26, 27, 9, 11, 12, 15, 16] .
Type IIB orientifolds, Dp-branes and T-duality
Ten-dimensional SO(32) Type I string theory may be understood as an "orientifold" [36] - [41] of D = 10, Type IIB theory under the Z 2 operation designated world-sheet parity Ω [42] . Let (σ, τ ) be the two (space-like and time-like) world-sheet coordinates of the string. Defining the complex world-sheet coordinate z = exp(τ + iσ), one then has Ωz = z. Thus Ω transforms left-moving and right-moving vibrations of the string into each other, so that the result of a projection of IIB string under Ω is a closed unoriented string with only one, D = 10, SUSY. In addition it turns out that the consistency of the theory (tadpole cancellation) requires the addition of twisted sectors with respect
to Ω. These are nothing else but Type I open strings which have to be added to the closed unoriented strings discussed above. Type IIB strings possess extended solitonic objects, Dp-branes, which have Ramond-Ramond (R-R) charges. For our purposes they may be defined as submanifolds of the full D = 10 space where the open strings can end. They have world-volumes spanning p + 1 dimensions with p = −1, 1, 3, 5, 7, 9
[2] . Here we will only be concerned with the cases p = 3, 5, 7, 9. Open strings can only start or end on p-branes. An open string has Dirichlet boundary conditions [2] in the 9 − p coordinates transverse to the p-brane whereas it has Neumann boundary conditions in the world-volume directions. In D = 10 the overall cancellation of the R-R charge (equivalent to tadpole cancellation) requires the presence of 32 9-branes in the vacuum. Open strings ending on 9-branes (which means in this case anywhere)
will give rise to massless D = 10 gauge fields in the adjoint of SO (32) .
Type IIB, D = 4, N = 1 toroidal orientifolds [20] - [28] are constructed by compactifying Type IIB theory on a six-torus T 6 and further moding the theory under some discrete symmetry G which acts as a discrete rotation on the compact SO (6) spacetime symmetry. Thus we will have an orientifold of Type IIB on T 6 moded by {Ω × G}. We will consider Abelian modings with G = Z N or Z N × Z M in such a way that there is N = 1 SUSY in four dimensions. We refer the reader to e.g. ref. [26] for a classification of possible discrete groups and further technical details. This procedure leads to overall non-vanishing R-R charges. In order to obtain consistent vacua we have to add certain types and numbers of p-branes in the vacuum in such a way that the overall charge vanishes. The type and number of p-branes required will depend on the particular orientifold considered. For Z N modings with odd N, it turns out that only 9-branes may be present. That is the case of the Z 3 , Z 7 and Z 3 × Z 3 orientifolds, the only ones allowed by D=4, N=1 SUSY. For even N, one can have both 9-branes and/or 5-branes. The 5-branes will have their world-volume spanning Minkowski space plus one complex compact dimension X i , i=1,2,3. Thus there may be up to three types of 5-branes which will be denoted by 5 i , i=1,2,3 depending on what complex compact coordinate is included in the 5-brane world-volume.
Instead of Ω one can use other Z 2 modings which are still consistent with N = 1 SUSY in D = 4. Let O i denote a reflection of the i − th compact complex coordinate, i.e., O i (X j ) = −X i δ ij . In the cases discussed above one has as orientifold generators Ω and (for even N, in which case G contains an
Here F L is the world-sheet left-handed fermion number. In this case it turns out that tadpole cancellation conditions will require in general the presence in the vacuum of 7-branes and 3-branes respectively. There may be three different types of 7-branes, 7 i , i = 1, 2, 3 depending what complex dimension X i is transverse to the 7-brane world-volume.
Thus we see that, depending on the orientifold generators, one can deal with 3-branes, 5 i -branes, 7 i -branes and 9-branes. Not all types may be present simultaneously Notice that there will be a gauge group associated to each set of coincident p-branes of a given type.
T-dualities relate the different types of p-branes present in each given vacuum [2] .
Consider for simplicity the 6-torus as the product of three two-tori,
each with compact radii R i , i = 1, 2, 3. Now, it is well known that a duality transformation R i → α ′ /R i transforms Neumann boundary conditions on the X i coordinate into Dirichlet boundary conditions and vice versa [2] . This means that e.g., a 9-brane will turn into a 7 i -brane and vice versa under this transformation. More generally, consider a general configuration with different types of p-branes. T-dualities will have the effect:
In addition one has to rescale the Type I coupling λ I as:
respectively, where α ′ = 1/M Given different sets of p-branes in a given D = 4, N = 1 orientifold, there will be a gauge group and charged chiral fields associated to each set of coincident (in the transverse dimensions) p-branes. They correspond to zero modes of open strings starting and ending on the same set of p-branes. In addition there will be in general chiral fields (but no gauge group) corresponding to open strings stretching between different types of p-branes like e.g. strings stretching between 9-branes and 5-branes.
The different types of chiral matter fields appearing will be reviewed in section 6 (see e.g. ref. [26] for specific examples of orientifold models). In addition to gauge groups and charged chiral fields coming from open strings there are also closed strings singlet chiral fields. Among those there will be the complex dilaton S and the untwisted moduli fields T i . These are also reviewed in section 6.
Let us finally remark some points about Type I/heterotic duality. It is believed that the strongly coupled limit of D = 10 Type I string is the heterotic SO(32) string [43] .
Thus one expects that the Type IIB orientifold vacua here discussed will have heterotic duals. However, these heterotic duals need not correspond to known perturbative heterotic vacua. Indeed, the orientifolds here discussed often have gauge groups with rank bigger than 20, which is impossible for perturbative heterotic vacua. Rather, the present class of models should correspond to some non-perturbative points in the heterotic moduli space. Lagrangian appearing in Type I string theory:
where λ I is the D = 10 Type I dilaton, M I = 1/ √ α ′ is the Type I string scale and the subindex (9) refers to the gauge group coming from the 32 9-branes whose world-volume fills the whole ten-dimensional space. We consider now the dimensional reduction down to four dimensions obtained by compactification on an orbifold with an underlying compact torus of the form
The three tori are taken with volumes (2πR i ) 2 , i = 1, 2, 3 respectively. One obtains [3, 4, 6, 9, 28 ]
where we have displayed the kinetic terms for gauge bosons of the different groups which may come from the different p-branes, p = 9, 7 k , 5 j , 3. As discussed above, not all the different p-brane sectors should be present in the vacuum if we want to respect N = 1 SUSY. The particular radius dependence of each p-brane may be obtained by noting that the gauge coupling g p of the vector bosons on a given p-brane is related with the Type I dilaton and the string scale as [2] 
Only for 3-branes one has that g 3 is dimensionless, while for p = 5, 7, 9 one gets additional radius dependence corresponding to the fact that p-branes are wrapping on 2, 4 or 6 compact coordinates respectively. From the above equations one obtains for
where we have assumed α p = α X ≈ 1/24, i.e., the unification value obtained from the extrapolation of low-energy coupling constants. Notice that in principle these equations
give us a certain freedom to play with the values of the Type I string scale M I and the compactification scale M c . This is to be compared to the analogous equation in the perturbative heterotic case where the relation M string = α X 8 M P lanck fixes the value of the string scale independently of the compactification scale. Notice also that if we want to remain in the Type I weak-coupling regime, due to relations (3.6, 3.7), one should obey the constraint
Thus we remain in perturbation theory (in this simple isotropic case) only if M I is not much higher than M c . Notice that if we insist in setting M I = M c we get into trouble 1 We will see in section 8 that in the presence of repaired orbifold singularities there are extra contributions to the gauge coupling constants proportional to the blowing-up modes of the singularities.
This may have important effects which we discuss in that section.
because eq.(3.7) would imply α p = √ 2M I /M P lanck , too small a value for identifying α p with the SM unified gauge coupling.
There are a number of natural options for the string scale M I :
i) M I ≈ M P lanck . As we said, this is the option which is forced upon us in perturbative heterotic vacua [1] . In this case M c ≈ M I and gauge coupling unification should take place also about the same scale.
ii) M I ≈ M X [3] . Here M X is the GUT scale or the scale at which the extrapolated gauge couplings of the minimal supersymmetric standard model (MSSM) join. Numerically this is of order 10 16 GeV. This corresponds (for the 3-brane case) to choices for has been recently pointed out in ref. [15] (see also ref. [12] ). In this case one has (in an isotropical 3-branes situation) M c /M I ≈ 0.01 and there should be precocious unification of gauge coupling constants at M X = M I .
iv) M I ≈ 1 TeV. This is the 1 TeV string scenario considered in refs. [4, 5, 6, 7, 8, 9, 14, 16, 17] . In this case it should be (in an isotropical 3-brane situation) M c /M I ≈ 10 −5 .
Power-like running of gauge couplings [7] is required to get unification at ≈ 1 TeV.
Many of the results we are going to discuss are independent of the scale we assume for M I , but we will often have in mind the first three possibilities. In particular, in the next subsection we are going to consider the possibility of identifying the scale of unification of coupling constants M X ≈ 2 × 10 16 GeV with the string scale (possibility ii) above). On the other hand, in section 5, we will consider the generation of the M W /M p hierarchy and argue that possibility iii) with M I ≈ √ M W M P lanck allows for a natural understanding of this hierarchy [15] . This does not require the existence of extra hierarchy-generating mechanisms like gaugino condensation which seem to be necessary in possibilities i) and ii). The effective Lagrangian derived in section 6 as well as the study of soft SUSY-breaking terms induced in dilaton/moduli dominated schemes apply to the first three schemes. The novel mechanism for gauge coupling unification based on D-branes sitting close to singularities discussed in chapter 8 is in principle possible for all four schemes. 
Gauge coupling unification with an isotropic compact space
Alternatively, it may be that the couplings unify at a compactification(winding) scale
Both types of unification may occur depending on how we embed the SM into p-branes.
i) Embedding the SM inside 9-branes
In this case p = 9 and, using (3.7), we have On the closed string sector there will be both KK and winding modes. The winding modes will have masses of order M w = M 2 I /M c = 7.7 × 10 15 GeV. However they will cause no effect in the running since they are neutral objects with only gravitational interactions with charged matter. In an effective way, the charged SM particles embedded in the 9-branes will see only four dimensions below M c = 5.2 × 10 16 GeV whereas the closed string gravitational/moduli sector will see ten dimensions already above
GeV. Thus the unification of gauge and gravitational interactions pro- 
ii) Embedding the SM inside 3-branes
In this case p = 3 and we have
This configuration is related to the one above by a T-duality transformation in all six compact dimensions [6, 28, 9] . Now open strings have Dirichlet boundary conditions in all six compact dimensions and hence have winding modes with masses of order 
iii) Embedding the SM within 7-branes
Let us consider a set of 7 i -branes with their world-volume spanning Minkowski space plus the two complex compact dimensions orthogonal to the X i -th complex plane. We still assume for the moment an isotropic compactification of scale M c . In this case (3.6) and (3.7) give In the present case the unification scale would coincide with the scale M w at which a new threshold appears corresponding to have effectively six dimensions felt by the charged fields (ten dimensions are felt by the bulk gravity fields). This interpretation is clearer in the T-dual 5-brane scheme which we discuss below. One has for the Type I dilaton coupling
thus for a realistic coupling, α 7 = 1/24, we are well within the perturbative Type I regime.
iv) Embedding the SM within 5-branes
In this case we have GeV. This is schematically shown in Fig.2 . However, unlike the previous 7-brane case one finds for the Type I dilaton coupling
Thus in this case we are at the border of the range of validity of the theory. One must not be surprised that in the present 5-brane case one has a larger Type I coupling whereas in the T-dual with 7-branes is much smaller (3.12) . This is because under T-
As a general conclusion one observes that assuming unification of SM interactions within a single type of p-brane, and assuming the simplest strictly isotropic compactification, one can get consistent results for all p-branes, with p = 9, 3, 7, 5. In the case of 9-and 3-branes one identifies the unification scale with the string scale. In the case of 7-and 5-branes one must identify it with a winding or KK threshold. In all cases one remains within Type I perturbation theory except in the case of 5-branes in which one sits close to the non-perturbative regime.
Non-isotropic compactifications
We will not attempt to make a general analysis of all possibilities. We just want to show here how departure from strict isotropy opens the way to new possibilities. Thus e.g.
one can consider 9-branes (or 3-branes) scenarios in which the unification scale has to be identified with a compactification KK (winding) scale and not with the string scale M I . Also, the 7-brane or 5-brane scenarios with isotropic compactifications considered in previous section have T-dual equivalents in which they are realized as non-isotropic compactifications within 9-branes or 3-branes. Other anisotropic scenarios in which different types of branes appear are described in the next subsection.
i) Anisotropic 9(3)-brane scenarios with a KK(winding) unification scale
We saw in previous section how unification of couplings within a 9(3)-brane with an isotropic compact space leads naturally to identify the unification scale M X with the string scale M I . We will consider now a non-isotropic situation with mass scale M 2 in the first complex plane and mass scale M 4 for the other four compact dimensions. For 9-branes, using (3.4) and (3.5), we will have now
A consistent solution to these equations is obtained identifying
GeV and
GeV. This is the isotropic situation discussed above. Alternatively one can consider a non-isotropic hierarchy of scales M 2 < M I < M 4 and identify the unification scale with the M 2 KK scale,
GeV. In this case one has to put M 2 4 = 17.5M 2 I and the value of M I is only constrained above by the perturbative condition λ I < 1. One can obtain a physically similar scale structure by embedding the SM within 3-branes by making a T-duality transformation over all the six compact dimensions. The structure is the same but one has to replace the scales M 2 and M 4 respectively by winding scales M Something analogous can be said of the isotropic schemes with the SM embedded into 7-branes. An anisotropic compactification with the SM embedded into 3-branes can be found which gives rise to the same pattern of scales and perturbative unification.
Embedding SU (3) and SU (2) within different sets of pbranes
It is a plausible situation to assume that the SU(3) and the SU(2) groups of the SM could come from different sets of p-branes [35, 9] . By different sets we mean pbranes whose world-volume is not identical. In particular, notice that the SM contains particles (the left-handed quarks) transforming both under SU(3) and SU (2) . That means that there must be some overlap of the world-volumes of both sets of p-branes.
Thus e.g., one cannot put SU(3) inside a set of 3-branes and SU(2) within another set of parallel 3-branes on a different point of the compact space since then there would be no massless modes corresponding to the exchange of open strings between both sets of brane which could give rise to the left-handed quarks. Thus we need to embed SU (3) inside a p-brane and SU(2) within a q-brane in such a way that their corresponding world-volumes have some overlap.
Let us first consider what is the relationship between coupling constants for gauge groups coming from p-,q-branes. From eq.(3.6) one has for an isotropic compactification with compact scale M c :
Now, if we want to preserve N = 1 SUSY one has q − p = 0, ±4. Thus, for an isotropic compactification one naturally has α 7 i = α 7 j and α 5 i = α 5 j whereas α 9 = α 5 i (M c /M I ) and α 3 = α 7 i (M I /M c ) 4 . In order to embed the SU(3) and SU(2) gauge factors inside different brane sectors the possibilities are (p,q) = (9, 5 i ), (7 i , 7 j ), (5 i , 5 j ), (3, 7 i ) with i = j. Thus one naturally obtains α S = α W for the cases (p,q) = (7 i , 7 j ), (5 i , 5 j ). In the other two cases one will have α S /α W = (M c /M I ) ±4 and thus one of the couplings will be suppressed compared to the other one unless M c = M I . But in such a case, due to (3.7), one is forced to have M I = 3.5 × 10 17 GeV, too large a value for unification.
In fact if one goes beyond the isotropic scale, a certain amount of fine-tuning is required in all cases in order to obtain α S = α W . Indeed, if the compact scale in the i-th direction is denoted by M i one has in this more general case (see eq.(3.5)):
where i = j = k = i. Thus even in the cases (p,q) = (7 i , 7 j ), (5 i , 5 j ) one has to adjust
On the other hand one would in principle expect that the embedding into different sets of p-branes would allow for new gauge coupling unification possibilities [9] if one is prepared to accept some degree of fine-tuning of the compactification scales. For example one can consider the SU(3) and SU(2) gauge couplings crossing at M X = 2 × 10 16 GeV and then diverging at higher energies. One could have
GeV. If SU(3) and SU(2) come from different sets of 7-branes 7 i , 7 j , a small difference between M i and M j is able to explain the fact that at M I the running gives α W > α S .
Something analogous may be done in the (5 i , 5 j ) scheme. However there are some difficulties with the unification of the hypercharge U(1) Y , as we now explain.
In Type IIB orientifold models, and in general on the world-volume of D-branes, SU(n) groups come along with a U(1) factor so that indeed we are dealing with U(n) groups in which both SU(n) and U(1) share the same coupling constant. Assume that
in such a way that the left-handed quarks (belonging to the p-(q-)brane sector) have the standard hypercharge assignment. Then one obtains:
In particular one has the expression:
Thus for α S = α W one obtains the standard GUT normalization for couplings, α Y = 3/5α W and sin 2 θ W = 3/8.
Notice that for α W > α S (as happens if the couplings keep on running beyond We thus conclude that embedding SU(3) and SU (2) Consider e.g., a general situation with one set of 3-branes plus sets of 7 i -branes of the different types i = 1, 2, 3. Then the corresponding gauge couplings will be related by:
If all scales M i are of the same order of magnitude and all not far away from the string scale M I , as mostly considered in the previous chapter, the different gauge couplings will have similar sizes. However in schemes with large compactification radii very small gauge couplings naturally appear [9] .
Consider first an isotropic case with M i = M c . Depending on our choice for the string scale one has:
If one assumes M c ≈ 10MeV as in isotropic schemes with M I = 1 TeV, one gets
Thus in a scheme with a 1 TeV string scale and the SM sitting on 3-branes, the gauge interactions coming from 7-branes would appear to be very much 
iii) M I = 2 × 10 16 GeV This is the case put forward in ref. [3] . In this case one has M c ≈ 8 × 10 15 GeV and
. Even in this case the gauge couplings of gauge interactions coming from the 7-brane sectors are smaller than the 3-brane ones.
Notice that the different type of branes map under Type I/heterotic duality into perturbative and non-perturbative gauge groups. Thus, from the heterotic point of view, what we find is that the e.g., non-perturbative gauge couplings should be much smaller than the perturbative ones as long as there are some dimensions which are relatively large, like in all three schemes reviewed above.
These micro-gauge interactions could have some interesting applications in order to generate some flavor structure in specific models. In addition to the micro gauge interactions there will be in general accompanying micro-Yukawa couplings of the same size. It is tempting the idea of associating the first (and perhaps the second) SM generation Yukawa couplings to these micro-Yukawa couplings. This idea is however difficult to realize due to the micro-gauge interactions which come along which would
give rise to departures from universality in the SM gauge interactions. More concrete semi-realistic models would be needed to test this idea. 
Wilson lines to the model. In what follows we will consider an ideal situation of the above type in which we have a set of p-branes with unbroken N = 1 SUSY containing the SM and a distant (hidden) set of parallel p-branes in which SUSY is somehow broken and one has N = 0. Now, the SM does not feel directly the breaking of SUSY taking place in the hidden p-brane sector. The effects of SUSY-breaking can only be transmitted through the closed string sector fields, which are the only ones that can move into the bulk and couple to both p-brane sectors. Thus the SUSY breaking felt by the SM fields will be suppressed by M P lanck powers. In particular one expects that the soft SUSY-breaking terms felt in this visible sector will be of order:
where F denotes the SUSY-breaking auxiliary field and M ss is the relevant physical scale in the hidden sector. Here ξ is just a dimensionless fudge factor whose size we will discuss below. It may be of order one or hierarchically small depending on how the N = 0 hidden theory is originated. Combining (5.1) with (3.7) one has: 
This equation is remarkable since it shows us that it is in principle possible to generate a M W −M P lanck hierarchy even for ξ ≈ 1 without invoking any hierarchically suppressed non-perturbative effect like e.g., gaugino condensation. This is the possibility discussed in [15] . Indeed, consider first the p = 3 case. In this case one has
If but not for 9-branes which have no charged winding modes. Now one parametrizes
2 and using (5.2) obtains: This case corresponds to a hidden p-brane sector in which the lightest cut-off scale correspond to KK modes with masses M c rather than the string excitations with masses of order M I . Notice that this may be the case only for p = 5, 7, 9 but not for 3-branes which have no charged KK modes. We now have F = ξM 2 c and using (5.2) one gets:
Note that no hierarchy is obtained for 7-branes (for ξ ≈ 1). Furthermore in the case 
If all of the hierarchy is explained in that way, one has to give up standard gauge coupling unification at 2 × 10 16 GeV as discussed in section 3 . Indeed, in principle the mass scale M ss discussed here corresponds to the scale one expects coupling constants to join, thus one would expect M X = M ss . Thus e.g., if one takes
and one assumes ξ ≈ 1 the unification scale should be identified with M ss ≈ 10
11
GeV. In ref. [15] it was shown how the addition of some extra charged matter fields beyond those of the MSSM can give rise to precocious gauge coupling unification at 10 11 GeV. Furthermore we will show in section 8 a novel mechanism by which gauge coupling unification can be understood if the observable 3-branes sit close to a repaired singularity.
Gaugino condensation
A natural possibility often considered to generate a hierarchically small ξ is gaugino condensation. Let us assume that there is gaugino condensation in the hidden p-brane sector. In this case one expects the generation of an auxiliary field:
and hence comparing with the formulae in previous section one has
Here β is the beta-function coefficient of the condensing gauge group which has coupling α p . Coming back to the three possibilities considered above for the value of the cut-off scale M ss i.e., M ss = M I , M 2 I /M c , M c one obtains
with a = 6, 7, 5 respectively for the three M ss possibilities. Thus, for example for the case of 3-branes which have M ss = M I , one gets a hierarchy:
(5.10)
One can now simultaneously impose correct gauge coupling unification in the visible 3-brane sector with M I = M ss = 2 × 10 16 GeV, as we described in section 3. In this case one has M c = 7.7 × 10 15 GeV so that, for α 3 = 1/24 one gets M W /M P lanck = 10 −8 × exp(−3/2βα 3 ).
Effective low-energy Lagrangian in D = 4 N = 1 compact orientifold models
In this section we will extract the structure of the Kähler potential corresponding to the untwisted closed string fields (dilaton and moduli) as well as that of the charged chiral fields coming from the different p-brane sectors in Type IIB orientifold models.
Likewise we will discuss the gauge kinetic functions and superpotential of this type of models.
As we described in section 2, we have two types of massless N = 1 chiral fields in these models.
i) Closed string chiral singlets
These are the chiral singlets coming from the closed string sector of the theory. Their real parts come from the NS-NS sector and the imaginary part from R-R fields. These will include the complex dilaton field S and the untwisted moduli fields T i , i=1,2,3, one per complex compact dimension 3 . In addition there are singlets fields M a associated to the different fixed point singularities in the underlying orbifold. These are more model dependent and we will describe some important aspects of their couplings in chapter 8
but for the moment we will ignore them.
ii) Charged open string chiral fields
The gauge groups and charged chiral fields will depend on the type and number of Dp-branes present in the vacuum as well as their location in the compact coordinates. 3 In Z 3 and Z 6 there are additional off-diagonal moduli. In the case of Z ′ 6 there is also one complex structure modulus field U . We will ignore these particularities here.
One can consider, as the most general class of Type IIB toroidal orientifolds, the case with one set of 9-branes and three sets of 5-branes, 5 i , i=1,2,3 with world-volumes spanning the i-th compact complex dimension and Minkowski space. This is equivalent to say that the 5 i -brane is wrapping around the i-th torus. Other possible N = 1 configurations are equivalent to this under T-duality transformations along different combinations of compact complex dimensions 4 . Thus the above configuration is equivalent, by a T-duality transformation with respect to all compact coordinates, to the case of one 3-brane and three 7-brane sectors. One can switch between the two configurations by replacing respectively (9, 5 1 , 5 2 , 5 3 ) with (3, 7 1 , 7 2 , 7 3 ). One can of course consider models or configurations in which some of the p-brane types are absent, like e.g., a model with only 9(3)-branes or a model with only 9(3)-branes and one set of 5 i (7 i )-branes etc. In this case one has just to delete from the formulae below the fields corresponding to the non existing sectors. Let us then concentrate on the general case with one 9-brane sector and three 5 i -brane sectors. Then there will be generically gauge groups G 9 , G 5 i corresponding to those four sectors. These groups will not be in general semisimple. Now, there will be the following types of charged matter fields:
Here i labels the three complex compact dimensions. They come from open strings starting and ending on 9-branes and have only quantum numbers with respect to the gauge group G 9 . They transform in general as a reducible representation of G 9 . The three of them (i=1,2,3) transform differently with respect to G 9 (except for the Z 3 orientifold). As emphasized in [26] these fields behave quite similarly to untwisted sectors of perturbative heterotic orbifolds.
2) C
Analogous to the previous ones but with 9-branes replaced by 5 i -branes, they come from open strings starting and ending on the same 5 i -brane and are only charged with respect to the G 5 i group. There are three of them (j=1,2,3) for each given 5 i -brane.
They come from strings starting (ending) on a 9-brane and ending (starting) on a 5 ibrane. They have gauge quantum numbers under both G 9 and G 5 i (typically transform as bifundamental representations). Since the open string has Neumann boundary conditions at the 9-brane but Dirichlet boundary conditions along the compact dimensions transverse to the 5 i world-volume, they behave in some way like the Z 2 twisted sectors of even order perturbative heterotic orbifolds.
They come from open strings starting in one type of 5 i brane and ending on a different type (i = j) of 5 j -brane. They are analogous to the previous ones but with 9-branes replaced by 5 j -branes. They have gauge quantum numbers under both G 5 i and G 5 j .
In a given particular model not all these types of charged fields might be present.
Thus for example, in a model with one sector of 9-branes and one sector (e.g. 
where the complex chiral fields S, T i with i=1,2,3 are now given by [26] 
3) 
where σ 1 is the Pauli matrix. Simultaneously the type of D-branes transform under these three symmetries accordingly i.e., the D ij permute the four type of branes (9, 5 1 , 5 2 , 5 3 ) with the same matrices as above. Thus e.g., under a D 23 transformation one has:
Consider for example a situation with only 9-branes and one set of 5 1 -branes. We know that a configuration in which all transverse dimensions of the 5 1 -branes sit at the fixed point at the origin should be explicitly self-dual under these transformations. Thus making eqs.(6.1, 6.2, 6.3, 6.4) invariant will require gauge kinetic functions f 9 , f 5 1 and
Kähler potential given by [26] :
which is explicitly invariant. As remarked in ref. [26] , the form of the metric of the charged C 95 1 fields is suggested by T-duality invariance and the fact that the (95 1 ) sector of these theories behaves as a sort of Z 2 twisted sector with twist under the dualized directions X 2 , X 3 . Indeed open strings with Neumann conditions in one end and Dirichlet ones on the other get a Z 2 twist for those dimensions [39, 20] .
In the more general situation in which we have 9-branes and all three types of 5 ibranes, invariance under the D ij dualities gives the results for gauge kinetic functions:
So differently from the weakly coupled heterotic string theories now the (tree-level) gauge kinetic functions are not independent of the moduli sector 5 . For the Kähler potential one obtains:
10)
Expanding the Kähler potential in the lowest order in the matter fields we obtain the following expression:
This is explicitly invariant under the full set of D ij dualities. The first piece in (6.11) is the usual term corresponding to the complex dilaton field S that is present for any compactification. The second term is also in general present in the orbifold compactification of weakly coupled heterotic strings, while all the other pieces are characteristic of the Type I case (as mentioned above, the matter field contribution from the 9-brane sector, third piece, is analogous to the one of the untwisted matter in a heterotic orbifold). The forth piece is similar to the one appearing, due to higher order corrections, in the strongly coupled heterotic from M-theory [47] .
One can also write down the form of the superpotential for this more general situation. It can be derived knowing that these renormalizable interactions come from joining and splitting of open strings ending on the different types of D-branes [20] . One gets in the most general configuration:
In the weakly coupled heterotic case a dependence from the moduli sector can arise only at loop level and so it is very small. This is not however the case of the strongly coupled heterotic from M -theory [44] where both contributions are of the same order [45, 46] , f ∼ S + T .
The Yukawa coupling constants are given by:
Two general remarks are in order:
• If some type of D-brane is absent in the orientifold under study, one has to delete the corresponding chiral fields in the above expressions.
• Under a T-duality transformation with respect to the three compact dimensions the 9-branes transform into 3-branes and the 5 i -branes into 7 i -branes. Still the effective Lagrangian will be identical to the one above with the obvious replacements 9 → 3, 5 i → 7 i everywhere. Notice however that now one has differently defined S and T i fields with:
in agreement with eq.(3.5).
7 Soft SUSY-breaking terms from dilaton/moduli spurions
General p-brane configurations
We will now consider the point of view of refs. [30, 31, 32] in studying soft SUSYbreaking terms in low-energy field theories from the perturbative heterotic string. In those references it was argued that the complex dilaton S and moduli fields T i in N = 1, D = 4 orbifolds vacua are natural candidates for the SUSY-breaking hidden sector. If that is the case SUSY breaking could be analyzed in terms of the vevs of the dilaton and moduli auxiliary fields
where we are using the parametrization introduced in [32, 33] with V 0 the tree-level vacuum energy density, and γ S , γ i are the phases of F S and F i .
In this section we would like to carry out a similar analysis for the effective N = 1, D = 4 field theories from Type IIB orientifolds described above. We would also like to emphasize that the above assumption of the dilaton/moduli fields transmitting SUSY breaking to the observable charged particles is even more compelling in the context of Type I D = 4, N = 1 string models. Indeed, if, as described in the section 5, SUSY is broken in some hidden sector of e.g., 3-branes, only closed string fields can transmit this symmetry breaking to the observable D-brane sector since only closed strings can move in the bulk. In Type IIB orientifolds the only massless chiral fields in the closed string sector are the dilaton S and the moduli T i . In addition there are twisted moduli singlet fields M a who couple only locally to the branes close to the singularities. Thus the untwisted moduli fields S, T i are singled out to transmit any SUSY-breaking effect, if present.
Applying the standard (tree-level) soft term formulae [48, 29] for the effective Lagrangian described in the previous section (6.9, 6.11, 6.12), we can compute the soft terms straightforwardly. Since the bilinear parameter, B, depends on the specific mechanism which could generate the associated µ term, let us concentrate on the other soft parameters. After normalizing the observable fields, the gaugino masses are given by
The scalar masses are given by
Finally the results for the trilinear parameters are
with i, j, k = 1, 2, 3 and i = j = k = i in the above equations. Notice that the last equalities in the formulae written in (7.3) and (7.4) make sense only if the corresponding gauginos are in fact present in the spectrum (i.e., if the corresponding D-branes are there). If that is not the case we see that we cannot write the corresponding scalar mass or trilinear parameter in terms of just gaugino masses, we get an explicit dependence on θ and Θ i .
Finally, for three particles coupled through a Yukawa, using (7.3) with V 0 = 0 (C = 1), one finds that, in general for any choice of the goldstino direction, the following relevant sum-rules are fulfilled:
with i, j, k = 1, 2, 3 and i = j = k = i. Notice that in general the gravitino mass appears in some of these sum-rules. In the case in which all four types of D-branes are present one can eliminate that explicit dependence by using (see (7. 2))
With the above information we can analyze now the structure of soft terms available for each possible D-brane configuration as well as to compare it with that of perturbative heterotic vacua [29] or M-theory models [46, 49, 50] .
Configurations with 9-branes and one set of 5-branes
Let us consider first the situation when 9-branes and one set of 5 i -branes, say 5 1 -brane, are simultaneously present in the model. This is in fact a representative example which will allow us to extract a number of generic qualitative properties of soft terms in orientifold models. Besides, this is a particularly interesting case because if we look at it from the perspective of the S-dual heterotic string it corresponds to the presence of both perturbative heterotic fields (dual to the 9-brane sector) and non-perturbative heterotic fields (dual to the 5-brane sector). Thus this case may in principle show us some features of non-perturbative heterotic vacua. In this case the soft terms, assuming V 0 = 0 (C=1) and γ S = γ i = 0 (mod π) given the current experimental limits, are:
8)
The following sum-rules are satisfied:
(7.10)
Notice that the structure of these soft terms is qualitatively different from that of the (untwisted sector of the) perturbative heterotic string 6 [33] :
12)
with the sum-rule
Within the Type I string framework here described, these results would correspond to the limiting case when there are no SM fields in the 5 1 -brane sector, see (7.7, 7.8, 7.9, 7.10) (or equivalently to the D-brane configuration with only 9-branes present).
In that case one could extract a number of generic qualitative properties of soft terms 6 It is also different from that of the strongly coupled heterotic from M -theory [49] where both sin θ and cos θ contribute together to all soft parameters. In this sense, Type I soft terms are an "average" of weakly coupled and strongly coupled heterotic soft terms. with regard to three important issues: the universality of soft terms, the existence or not of negative squared mass for some matter fields, and the relative sizes of gaugino versus scalar masses. One finds [32, 33] 3) The above sum-rule (7.14) implies that scalars heavier than gauginos can exist at the cost of having some of the other three scalars with negative squared mass 7 . We would like now to study to what extent these conclusions change in the more general case given by (7.7-7.10) in which there are charged fields both in 9-branes and 5-branes. We insist that this case corresponds to the S-dual of non-perturbative heterotic vacua with a perturbative gauge group (dual to that coming from 9-branes) and a non-perturbative group (dual to that coming from 5-branes).
1) Universality of soft masses
Now, not only scalar masses (7.8) but also gaugino masses (7.7), due to the different values of f α in the different sectors (6.9), are generically non universal. Neither in the dilaton limit, sin 2 θ = 1, nor in the overall modulus limit, Θ 1,2,3 =
, universality can be obtained. This can be seen in Fig.3 where the dependence on sin 2 θ of the soft squared masses in orientifold models when 9-branes and one set of 5 1 -branes are present is showed. For example, for sin 2 θ = 1, gauginos in the 9-brane sector,g 9 , have |M 9 | = √ 3m 3/2 whereas gauginos in the 5 1 -brane sector,g 5 1 , have
not necessarily a potential problem as discussed in [33] .
all scalars have a squared mass equal to m 1 which has a negative squared mass −2m 2 3/2 . One interesting point to emphasize is that there is a value sin 2 θ = 1/4 which is T-duality self-invariant in this overall modulus situation. Indeed there one has 
2) Tachyons
The presence of tachyons cannot be avoided for any choice of the goldstino direction.
For example, in the overall modulus limit we see in Fig.3 1 becomes tachyonic. However, in Fig.4 we show the direction in which only S and T 1 contribute to SUSY breaking where either C Finally, it is worth noticing that this direction is interesting because the soft terms explicitly show (see Fig.4 ) the invariance under T-duality which exchanges S ↔ T 1 .
Thus here dilaton dominance and modulus dominance are dual to each other.
3) Gaugino versus scalar masses
Now due to the possibility of having gauginos in different D-brane sectors, 9-brane and 5 1 -brane, the sum-rules (7.10) imply that scalars heavier than gauginos can be possible without other scalars becoming tachyonic. We can have m Comparing these conclusions for two types of branes (9, 5 1 ) with those summarized above for the perturbative heterotic string (which let us remark again are equivalent to a Type I string with only 9-branes present) one certainly finds plenty of differences.
Configurations with three and four types of branes, e.g. However, in type I strings, if we assume that the condensation takes place e.g. in a hidden sector of 5 1 -branes, then f 51 = T 1 , i.e. F 1 has the same role as F S above: F 1 ∝ cos θ ≈ 0. As a result although we get M 51 ≈ 0, in the visible sector of 9-branes M 9 ∝ F S ∝ sin θ = 0 implying in general large gaugino masses ≈ m 3/2 . This can also be obtained in the case of the strongly coupled heterotic string from M-theory [46] since there f ∼ S + T .
implies that the sum-rule m
(see (7.10) ) is fulfilled, without some scalars becoming tachyonic, only if scalars are lighter than gauginos. ImS can in principle cancel mixed U(1) X -gauge anomalies. However, for this to be possible the mixed anomalies have to be in the same ratios as the coefficients k a (KacMoody levels) of the gauge factors. This is an important constraint which has lead to interesting phenomenological applications [54, 56] . In addition, a Fayet-Iliopoulos (FI)
term for the scalar potential associated to the anomalous U(1) X is also generated at one-loop in string theory [52, 57] . This FI term is proportional to Tr Q X g/(192π 2 ).
In the case of toroidal D = 4, N = 1 Type IIB orientifolds it has been found [34] that the situation is quite different. The main characteristics of anomalous U(1)'s in this case are as follows:
i) There are multiple anomalous U(1)'s and their mixed anomalies with the rest of the gauge groups are not universal, i.e., they are not in the ratios of the corresponding coupling constants.
ii) There is a generalized Green-Schwarz mechanism at work which cancels all mixed anomalies [34] . In this mechanism the complex dilaton S does not play any role and so happens also with the untwisted moduli fields T i . It is the twisted fields M a associated to the fixed points of the underlying orbifold which participate in the cancellation.
Furthermore, the required terms appear at the tree (disk) level and not at the oneloop level as in the heterotic case. Specifically, there are two kind of couplings which conspire to get the cancellations. The first of them has the general form:
where k runs over the different twisted sectors of the underlying orbifold (see ref. [34] for details) and B k is the two-form which is the dual to the imaginary part of the twisted fields M a . Here l labels the different anomalous U(1)'s and d l k are model-dependent constant coefficients 9 . This is a mixing term which connects the anomalous U(1)'s with the twisted RR fields associated to the fixed points. The second coupling which participates in the anomaly cancellation is M a -dependent piece which appears at the tree-level for the gauge kinetic functions f α corresponding to the different gauge groups G α . Thus e.g. for a gauge group coming from p-branes one has in general:
where f p are the gauge kinetic functions described in section 6 (see e.g. eq.(6.9) ) and iii) The presence of the mixing term (8.1) and supersymmetry require also the presence of a FI term for each of the anomalous U(1)'s [58, 34] :
where D l is the auxiliary field for each of the anomalous U(1) l and ReM k are related to the blowing-up modes (twisted moduli) which repair the orbifold singularities. Thus the value of the FI terms is perturbatively undetermined and vanish in the orbifold limit. It has been shown [59] that the one-loop corrections to these FI-terms vanish.
iv) The mass of the anomalous U(1)'s depend on the form of the Kahler potential for the twisted fields M k . Assuming a Kahler potential of the form
it is easy to check [59] that all anomalous U(1)'s get a mass of order the string scale. If the Kahler potential turns out to have a more complicated form, the mass of the given U(1) would depend on the size of the corresponding FI term and hence could be both heavy or light. Notice that in the first case the anomalous U(1)'s would be massive even if the FI terms vanish. Thus in this case the anomalous U(1) would remain like perturbatively exact global symmetries 11 . This could be important in order to insure proton stability in particular string models.
The consequences of the above described FI terms for the dynamics of the models are again very model-dependent since they depend on the twisted sectors of the theories. Nevertheless we would like to point out some other possible phenomenological consequences of the above results.
a) Gauge coupling non-universality and precocious unification
The twisted moduli M k dependent piece in the gauge kinetic functions can have important implications. Notice in particular that this piece is different for different gauge groups, even if all group factor come from the same set of p-branes 12 . Away from the orbifold limit (i.e., ReM k = 0 ) the gauge couplings will be different and hence there is no universality of gauge couplings. Of course, we already saw in section 3 that if gauge groups come from different types of p-branes there is already no universality of gauge couplings. What we are saying now is that even if all gauge groups come from the same collection of p-branes, the gauge couplings could be different as long as we are close to (but not on top of) the orbifold singularity.
On the other hand this non-universality could be interesting in obtaining gauge coupling unification in low string scale models. For example, in the scheme of ref. [15] with a string scale M I ≈ √ M W M P lanck one has to achieve gauge coupling unification also at that scale which is of order 10 11 GeV. The addition of extra chiral fields in the massless spectrum to achieve precocious gauge coupling unification is a possibility [15] .
11 Notice that this is not the case in general perturbative heterotic models because in that case the FI term cannot be put to zero and hence further gauge symmetry breaking is induced which generically also break the would-be remnant global U (1) symmetry. 12 Notice that for a twisted moduli field M k to appear in the gauge kinetic function there must be some overlap between the p-brane world-volume and the corresponding fixed point. Thus, e.g, in the case of 3-branes they must be sitting close to the singularity.
Here we would like to point out another option which naturally appears in the present context. Consider the renormalization group running of gauge couplings g α from the weak scale to the string scale M I :
where f α is the gauge kinetic function in eq.(8.2). We know that with the particle content of the MSSM coupling unification works nicely for a unification scale M X = 2 × 10 16 GeV. Now consider a simplified situation with only one relevant M k twisted field. Eq.(8.2) would have the form
Thus if we had a model with:
we would nicely get gauge coupling unification.
It turns out that some odd order compact orientifolds (Z 3 , b) Corrections to SUSY-breaking soft terms 13 Of course, T-dual models can be constructed which have only either 3,5 or 7-branes instead.
The results obtained in the previous section for gaugino masses did not take into account the extra piece (8.2) which can appear in the context of orientifold models. Of course, those formula remain valid as long as the twisted M k fields do not participate in the process of SUSY breaking, i.e., F M k = 0. One important point to realize is that these twisted fields live only close to each singularity, they do not leave in the bulk of the six compact dimensions. Thus they do not participate in the transmission of SUSY breaking from one (hidden) p-brane sector to another (visible) p-brane sector. Thus, unlike what one would have expected, having F M k = 0 in a hidden p-brane sector does not in general gives rise to non-universalities in gaugino masses since the M k fields which couple to differently positioned p-branes are different fields 14 . However, although universality is not affected, the soft mass terms are modified with respect to the results in the previous section because now in general the goldstino field will have a M k component also.
The role of these M k twisted fields in soft terms is somewhat similar to that considered in chapter 8 of ref. [32] . There it was studied the effect of fields contributing to SUSY breaking but not coupling to the visible world. One then has to introduce an extra goldstino angle. This fact was already pointed out in ref. [15] .
Let us end this section by emphasizing that the effects discussed here are present in D = 4, N = 1 Type IIB orientifold models and need not be present perhaps in more general Type I constructions. In particular, it turns out that in the case of smooth Calabi-Yau compactification of the D = 10 Type I string, there is again a single anomalous U(1) whose anomaly is canceled by a Green-Schwarz mechanism analogous to the one in perturbative heterotic vacua. In particular, it is the exchange of the complex dilaton field S which cancels the anomaly. On the other hand it seems likely that, whenever we have sets of e.g., 3-branes sitting close to some sort of (not necessarily an orbifold) singularity similar effects will be present.
Final comments and outlook
In the present paper we have studied a number of properties of Type IIB, D = 4, N = 1 orientifolds which can be phenomenologically relevant. We consider these vacua as interesting laboratories to explore the phenomenological consequences of a D-brane 14 Thus e.g., if we have two sets of 3-branes one corresponding to a visible sector and the other to a hidden sector, sitting at different singularities, each sector will couple to the twisted fields M k corresponding to each corresponding singularity.
view of the unification of the standard model and gravity. More general vacua which may involve other Type IIA or Type IIB D-brane configurations which go beyond toroidal orbifolds may perhaps be necessary for a final realistic description of the real world, but we hope that some of the generic features found in toroidal orientifolds could still be present in more general situations.
One can conceive more general models which will still be describable in terms of different sets of Dp-branes (one of them containing the SM) sitting either at singularities of the compact space or in the bulk. Chirality of the SM seems to suggest that the Dp-brane set describing the SM should be sitting close to some singularity in compact space, Dp-branes in the bulk give rise generically to vector-like spectra.
Those singularities need not be simple orbifold singularities.
A generic vacuum may also contain non-supersymmetric Dp-brane sectors coming e.g. from Dp-branes wrapping on non-supersymmetric cycles of the compact sixdimensional space [60] . If that is the case, lowering the string scale well below the Planck scale may be not just possible but mandatory. Indeed, if we have a vacuum with a N = 1 p-brane sector containing the SM and other N = 0 sectors away from it and with a string scale close to M P lanck , SUSY-breaking terms will appear in the visible N = 1 SM sector which are not going to be sufficiently suppressed. In this case, setting dilaton/moduli spurions as we have described in section 7 in the spirit of refs. [32, 33] .
Lowering the string scale has its shortcomings. One of them is the question of gauge coupling unification. In a scheme with the string scale of order M X = 2 × 10 16 GeV, gauge coupling unification is nicely achieved. In section 3 we have studied in detail how that happens for different Dp-brane configurations. On the other hand the hierarchy M W /M P lanck needs to have its origin in a specifically assumed hierarchy-generating mechanism like gaugino condensation. In schemes with a low string scale (lower than M X ) one expects the running of SM couplings to stop at the string scale where they
are not yet unified. In section 8 we have suggested a possibility to understand this lack of unification at the string scale. If the SM p-branes sit close to a singularity (which anyway seems to be required in order to get chirality) there are tree-level contributions to the gauge couplings which are generically different for each gauge group.
If these contributions are proportional to the beta-function of each group they split the couplings in the appropriate way to understand lack of unification. It turns out that there exist specific Type IIB D = 4, N = 1 orientifolds in which indeed these contributions to gauge couplings are proportional to the beta functions. This at least
shows that this mechanism is a new possibility to understand the question of gauge coupling unification in low string scale models. If this mechanism is indeed at work, it would mean that the branes at which the SM lives sat close to singularity in the compact space.
Another potential problem for low string scale models is nucleon stability. The lower the string scale, the higher the dimension of possible operators one has to worry about.
Anyway, dimension=4,5 are a problem in all schemes, including those with M I = M X .
In all cases there must be extra continuous or discrete (gauge symmetries) suppressing appropriately proton decay. A number of possibilities both for discrete and continuous gauge symmetries ensuring proton stability were studied in ref. [61] . Moreover, Type II string vacua seem to have generically abundant U(1) symmetries, most of them anomalous which could play an important role in ensuring proton stability.
In summary, recent developments in string dualities have changed in many ways our views concerning how to embed the observed physics inside string theory. Surely there will be more surprises waiting for us.
